15.1. Introduction {#s0010}
==================

It is generally accepted that moderate amounts of exercise improve immune system functions and hence reduce the risk of infection. However, there is strong evidence that athletes engaged in regular prolonged and/or intensive training have a higher than "normal" incidence of minor infections, especially of the upper respiratory tract (URT, e.g., common cold and influenza) (Gleeson and Walsh, 2012). This is particularly apparent in endurance athletes such as cyclists, runners, swimmers, and triathletes, but any athletes with a high training load and/or suboptimal recovery may be at increased risk. Such infections can compromise training and/or competition performance ([@bib283]).

15.2. Exercise and Upper Respiratory Illness {#s0015}
============================================

Upper respiratory tract infections (URTI) are among the most frequent presentations to general practitioners ([@bib143]). These do not usually require hospital admission, but such illnesses have a significant economic and social impact---e.g., absence from work, healthcare costs, increased morbidity, reduced feelings of well-being, health and quality of life, and reduced social interaction. Broadly, moderate amounts of exercise are associated with enhanced immunity and resistance to such infections whereas high amounts or prolonged and/or vigorous training may increase the risk. Indeed, URTI are also suggested to be the most common type of infection in the athletic population ([@bib288], [@bib58], [@bib270]; Gleeson and Walsh, 2012). In fact they have shown to be a highly prevalent medical condition in athletes at clinics in both the summer and winter Olympic Games (e.g., [@bib289]; [@bib100], [@bib101]).

15.2.1. Beneficial Effects with Moderate Exercise {#s0020}
-------------------------------------------------

Observational and experimental studies have investigated the proposed greater resistance to pathogens with moderately active lifestyles. Animal investigations have demonstrated that brief bouts of moderate physical activity (20--30 min treadmill running) compared to inactivity prior to or immediately following inoculation with pathogens leads to decreased mortality and morbidity from infection ([@bib78], [@bib198]). Early exercise training studies of older and obese humans also demonstrated that 12--15 weeks of moderate exercise \[30 min walking at 60%--75% of maximal oxygen uptake ($\overset{˙}{V}O_{2_{\max}}$)\] resulted in lower incidence or duration of self-reported URTI compared to sedentary individuals ([@bib247], [@bib248], [@bib250]). These effects have been supported by several longitudinal studies of the wider general population (ages 18--85 years) where maintenance of a moderately active lifestyle leads to lower self-reported or laboratory confirmed URI/URTI episodes ([@bib176], [@bib211], [@bib171], [@bib65], [@bib175], [@bib177]; [@bib243]); ([@bib324], [@bib19]).

15.2.2. Effects With Strenuous Training/in Athletes {#s0025}
---------------------------------------------------

Although patterns vary between sports, a review by [@bib362] suggested that athletes tend to report URTI either during the high-intensity and tapering period prior to competition (e.g., swimming, team sports) or in the period following competition (e.g., long distance running). It has long been hypothesized that a J-shaped relationship exists between exercise workload and susceptibility to URTI ([@bib241]). This model suggests that an individual involved in regular moderate exercise is less likely to contract URTI compared to a sedentary individual but prolonged high-intensity exercise or periods of strenuous exercise training are associated with an above-average risk of URTI (see [Fig. 15.1](#f0010){ref-type="fig"} ). Indeed, the J-shaped model was initially based on findings of increased self-reporting of URTI in the 1--2 week period following participation in competitive endurance races (e.g., [@bib246]).Figure 15.1Stylized representation of the relationship between exercise, immune function, and infection risk: J-shaped and S-shaped models are depicted (area indicated and labeled "Elite??" shows S-shaped theory, as discussed further in the text).

Further support for an adverse effect of prolonged/strenuous exercise on susceptibility to URTI has come from animal studies ([@bib78], [@bib137], [@bib108], [@bib198], [@bib229]). Prolonged exercise (treadmill running for \>2 h) has been shown to increase morbidity and mortality of mice inoculated with respiratory viruses (e.g., herpes simplex type 1 virus, influenza) prior to ([@bib78], [@bib229]) or following ([@bib198]) this type of exertion compared to resting and/or moderately exercised mice. In addition to acute exertion, equine studies have also demonstrated that intensified periods (5--28 days) of exercise training prior to or following inoculation with influenza leads to greater severity of infection in vaccinated ([@bib108]) and nonvaccinated horses ([@bib137]). Generalizing these results to the human in vivo environment is questionable ([@bib3], [@bib378]; [@bib29]) and such approaches (i.e., pathogen challenge) with human volunteers do have considerable ethical constraints ([@bib155]). Although not yet investigated in an exercise context, pathogen challenge studies in humans have demonstrated lower resistance to URTI due to other life stressors (e.g., psychological stress, sleep disturbance) ([@bib66], [@bib67], [@bib276]). In addition to the potential exposure to these stressors in a training and competition environment ([@bib68], [@bib144]), the relevance of these findings to athletes is emphasized by the impact of transient modulation in host resistance to URTI by a stressor.

Exercise immunology research (epidemiological and experimental) has grown substantially over the last few decades to investigate the relationship between exercise and URTI in humans ([@bib304]). In contrast to animal research, human studies (attempting to discern the effects of prolonged exercise/intense training on URTI) have mainly involved monitoring athletes following heavy exertion (i.e., relied on natural exposure to pathogens) but only a limited number of these have verified that symptoms are due to infectious agents (pathogens) ([@bib324], [@bib298], [@bib140]). This has raised concerns regarding the validity of URTI episodes (i.e., self-reported) in athletes that occur in and around competition or heavy periods of training ([@bib28], [@bib362]). Discrepancies between physician and laboratory diagnosed URTI has also highlighted the limitations with evaluation of URTI episodes ([@bib71]). Upon presentation of symptoms at a sports medicine clinic, the study of [@bib71] observed that only 57% of cases were found to be indicative of infection with laboratory methods (e.g., identified pathogen) while 89% were diagnosed as URTI by physicians. In a surveillance study of a range of athletes (recreational and elite) and sedentary controls, [@bib324] demonstrated that the first two days of symptoms with infectious or noninfectious (see later) cases were similar but duration and severity of symptoms on subsequent days were greater with infectious cases. On the other hand, the common symptom scoring methods applied in self-report questionnaire studies usually require symptoms to be present for two or more days in order to be counted as an "episode" (e.g., [@bib112]; [@bib129]), which may offer some protection against such limitations. It is also worthy of note that a subsequent UK-based study observed an 82% agreement rate between self-report and laboratory-confirmed pathogen detection ([@bib140]). The difference to earlier studies could be due to time of year, location, or perhaps the sensitivity of detection methods has improved since the earlier studies (e.g., [@bib324]). Nevertheless, for clarity the term upper respiratory tract symptoms or upper respiratory illness (URI) are generally accepted in this area unless infection has been clinically confirmed (when URTI can be used).

Although there were numerous early anecdotal reports and retrospective survey data to support the proposed J-shaped relationship ([@bib308], [@bib305]; Nieman, 2000), such observations alone cannot validate the influence of exercise on URI. However, further support to the J-shaped model (i.e., heavy exercise workload) was provided by a number of prospective and retrospective studies which suggested that marathon or ultra-marathon runners suffer from an increased risk of URI (e.g., 1--2 weeks following competitions) ([@bib246], [@bib273]). The study of [@bib272] was a seminal study in highlighting this by randomly recruiting a sample of 140 runners who competed in the 1982 Two Oceans Marathon in Cape Town. In the 14 days following the 56 km event, 33% of runners reported URI compared to 15% of age-matched controls that did not participate in the marathon but shared living space with runners (i.e., to control for exposure to pathogens and other environmental factors). [@bib246] went on to show that, compared to equally experienced runners who did not compete, there was a sixfold increase of URI in runners during the seven days following the 1987 Los Angeles Marathon. Taking into account other factors influencing risk of URI (age, stress levels, and illness at home), the likelihood of URI was doubled in those who ran \>96 km compared to those who ran \<32 km as part of their weekly training programmes leading up to the event. [@bib146] also highlighted running mileage as a significant risk factor for incidence of URI in a cohort of runners followed for a period of 12 months. More recently, [@bib212] have also suggested that runners with higher training loads tend to be more prone to URI and that endurance athletes in particular suffer from longer episodes of URI than their recreational counterparts. However, such findings have not been demonstrated consistently as shorter observational studies have failed to observe any associations of URI with differences in training mileage, intensity, and load ([@bib112]).

Despite much interest, there remains more uncertainties than evidence based facts regarding the notion that high volumes of training are associated with an increase in the incidence of URI ([@bib362]). One suggestion is that such inconsistent findings may be related to whether participants within studies are considered "elite" or "highly trained." [@bib207] suggests that a prerequisite to achieving elite athlete status is an immune system which can withstand the strenuous nature of training and competition as susceptibility to infections is incompatible with elite performance. For this reason, [@bib207] proposed an S-shaped rather than a J-shaped curve to include elite training which is associated with a lower risk of infection compared to high exercise workload (see [Fig. 15.1](#f0010){ref-type="fig"}). However, it is highly likely that elite/professions athletes will have considerable support (financial, medical, sports science, and nutrition, etc.) and their support team may implement preventive and treatment strategies to reduce the risk and limit the effects of URI and this may also contribute to better management of other stressors. It could be, therefore, that rather than being naturally able to withstand strenuous training and infections, it is simply that they are better supported (compared to counterparts who lack such support mechanisms) to reduce controllable risk factors.

[@bib242] suggested most athletes may not report URI or suffer from an increased risk if they avoid periods of overreaching or overtraining ([@bib251]). It seems that an increase in URI may only be attributed to participation in acute prolonged exertion (e.g., marathon, ultra-marathon) or more importantly when athletes are exposed to a greater strain of training through exceeding individual training thresholds coupled with inadequate recovery or other life stressors (e.g., sleep disturbance) ([@bib109], [@bib282], [@bib144]). In other words, training load or volume alone does not give full information on the level of stress that an athlete (and their immune system) is under. Indeed, the way training in distributed or periodized is of key important also. In support of this, [@bib335] have shown that rapid changes in training load (i.e., increasing too quickly) are better predictors of URI risk than total load alone, which goes some way to explaining the above mentioned discrepancies where only total load or volumes were considered.

15.3. Etiology of Upper Respiratory Illness {#s0030}
===========================================

In line with the general population, when pathogen identification has been attempted, bacteria are rare causes of URTI in athletes, with viruses being responsible in most cases (in particular rhinovirus, adenovirus, and parainfluenza) ([@bib288], [@bib205]). URTI of viral origin last approximately 3--14 days but clearance of the particular virus from the system may take longer ([@bib368], [@bib147]). The route of entry into the body by most viruses is the respiratory tract where symptoms reflect the perturbations in function of infected cells and the attempts of the immune system to contain the infection ([@bib288]). As the nature of symptoms of some (i.e., infectious) URI may be similar to noninfectious inflammatory factors and/or presentation of allergic conditions, identification of antibody titers, and isolation of specific pathogens from body fluids of athletes have been recommended to clarify causes of symptoms and provide the most appropriate treatment or management strategies ([@bib124], [@bib71]). It was generally believed that upper respiratory symptoms in athletes were due to an infective cause, however, it is only more recently that other causes ("noninfectious hypothesis") have been proposed during training and competition ([@bib28], [@bib298]).

[@bib293] reported that a higher incidence of URI in runners following a marathon (47%) compared to nonrunners (19%) was significantly associated with positive responses in the Allergy Questionnaire for Athletes. As the prevalence of inhalant allergy may be as common as 16%--32% of highly trained athletes, it may partly provide an explanation to incidence of URI ([@bib188], [@bib200], [@bib298]). Environmental influences have been considered relevant to certain groups of competitive athletes, in particular swimmers who are exposed to chlorine derivatives from swimming pool disinfectants while inhaling large amounts of air above the water surface ([@bib275], [@bib48]). In addition to inhaled irritants, the combination of high ventilation rate in heavy training and surrounding cold, dry air is another possible source of noninfectious, nonallergenic inflammatory stimuli to URI in some athletes (e.g., runners, cyclists) ([@bib28], [@bib71]).

There is also potential for direct damage in epithelial tissue of the URT and/or fibers of the contracting skeletal muscle following strenuous exercise to contribute to the noninfectious, local, and systemic inflammatory origin of URI ([@bib271]). [@bib297] reported that the use of an antiinflammatory agent reduced URI in participants following an ultra-marathon event, but as this nasal, buccopharyngeal spray also contained antimicrobial properties it does not provide any conclusive evidence to support a purely noninfectious inflammatory cause for URI. In contrast, administration of an antiinflammatory throat spray in the period leading up to and following a half-marathon event had no influence on the incidence of URI in runners but did reduce the severity of recorded symptoms ([@bib72]). Although conflicting evidence here may purely reflect site-specific differences between agents, together these studies do provide evidence that noninfectious inflammation may not be the underlying cause of all URI, but may interact with infectious causes to potentiate the symptoms that occur as a result of responses to pathogen challenge.

In their surveillance study, [@bib324] demonstrated that the distribution of URI closely followed the J-shaped curve in terms of training status (i.e., both the control and elite athlete group suffered from greater days of illness than their recreational counterparts), but only 30% of reported illnesses were confirmed by identification of common respiratory pathogens. It is worthy to note that only specific pathogens were tested in [@bib324], thus URI were possibly caused by known pathogens not tested for, unknown pathogens and/or new strains of viruses which were yet to be identified ([@bib28]). Despite the low number of identified pathogens highlighted with laboratory evaluation of URI in some studies (i.e., [@bib324]; [@bib71]), it must be emphasized that this does not rule out infectious causes for these cases as such diagnostics procedures do have inherent limitations in identifying causative agents from an evolving diverse pool of pathogens (e.g., \~200 common cold viruses) ([@bib147], [@bib93]). Furthermore, a more recent (albeit smaller) study based in the United Kingdom during the winter months (i.e., typical URI season) observed that a much higher proportion (82%) of reported illnesses were confirmed by identification of URTI-causing pathogens ([@bib140]). In this study, 33 recreational-level athletes completed the study, which included a 3-week monitoring period during which 11 subjects reported URI using the daily Jackson common cold questionnaire. Of these 11 subjects, URTI-causing pathogens were detected in 9 (all were positive for Rhinovirus and one was concurrently positive for coronavirus).

Not all cases of URI can present as a typical response to a primary viral infection of initial upper respiratory symptoms followed by local and systemic inflammation (e.g., fever, aches) ([@bib128]). Occasionally symptoms may be minor and/or short-lasting (1--3 days) resulting in training being unaffected or be a reflection of persistent fatigue and recurrent infections as a result of chronic heavy exertion ([@bib287]). In these cases it has been suggested that, in addition to exercise-induced inflammation, URI following exercise may be related to reactivation of latent viruses within the upper airways rather than the incidence of primary infections in the recovery period ([@bib128]) or prior URT infections that have not been fully eliminated even after symptoms have subsided. [@bib99] found in a group of recreational runners that prerace URI was significantly associated with URI incidence following the marathon. This was supported by a longitudinal observational field study, where it was suggested that reactivation of prerace viruses and exercise-induced inflammatory responses were the primary causes of elevated URI incidence prior to and following an 86.5 km Marathon ([@bib274]). The 57% of runners, who recorded incidence of URI during the 7--14 days following the race, also recorded symptoms in the time leading up to the race. These findings may support the aforementioned animal studies whereby participation in prolonged exercise may worsen symptom severity induced by existing infection ([@bib207]). It has also been suggested that the reactivation of latent viruses (e.g., Epstein--Barr Virus, EBV) could be implicated in the etiology of URT infections ([@bib128]). EBV is a herpes virus that typically infects \~80%--90% of the world's adult population ([@bib128], [@bib325], [@bib20]). After initial primary infection, these viruses lay dormant within the cells of the immune system and immunocompetent individuals are generally asymptomatic ([@bib163], [@bib73]). However, under significant physical and/or psychological stress the immune system's ability to control these infections (keeping latent) may be lost and such latent viruses may become reactivated ([@bib344], [@bib122], [@bib221], [@bib329]). In an exercising population, EBV has received attention due to its ability to replicate continuously or intermittently from the oropharynx ([@bib107], [@bib231]). [@bib128] found a significant relationship between previous EBV infection and URI in elite swimmers: while all seronegative swimmers remained unaffected (no reported URI) during a 30 day period of intensive training 7 out of the 11 seropositive swimmers had EBV DNA detected in saliva during the study with 6 of these going on to develop URI which appeared 4--18 days following first detection of EBV DNA. It was postulated that EBV was implicated in the symptoms. However, [@bib70] treated a group of endurance runners with a herpes-virus-specific antiviral treatment and although this was able to significantly reduce EBV expression, this had no effect on URI. It is possible, therefore, that EBV is not directly involved/the cause of URI per se, but rather an in vivo indication of immunodepression/compromised immunity and, therefore, increased susceptibility to other URI-causing pathogens. Indeed, for the reactivation of EBV to occur, there must be a disturbance within certain parameters of the immune system which usually keep the virus tightly-regulated and latent. This reflection of immune perturbations within the host ([@bib220]) occur in line with the most researched hypothesis ("open window") behind an increased risk of primary infections in athletes who participate in prolonged exercise. This theory is still it its infancy however and requires further study, although it does seem to be supported by studies showing athletes to have greater levels of detectable EBV DNA compared to controls ([@bib152]). In a clinical investigation of elite athletes suffering recurrent episodes of URI, EBV viral shedding was detected in 22% of the cohort ([@bib287]). [@bib374] also found in an intensive training period with rugby players that salivary expression of EBV DNA was 1.5 times greater in participants with URI compared to those without URI.

The "open window" hypothesis suggests that prolonged/heavy exercise causes depression of the immune system which leaves the body less resistant to viruses and bacteria and thus increases the risk of subclinical and clinical infection for between 3 and 72 h ([@bib265]; [@bib242]), which reflects that the increased risk of URI with heavy exertion was due to a decrease in immunosurveillance (and vice versa, the decreased risk with moderate exercise was due to an increase in immunosurveillance). The immunological response to acute exercise is deemed a subset of stress immunology ([@bib151]), where responses have been likened to those caused by infection, sepsis, burns, or trauma ([@bib267]). Although exercise does share some similarities to the hormonal and immunological responses of these clinical physical stressors, there are also important distinct differences in the magnitude and temporal responses ([@bib301], [@bib302]). Strenuous exercise induces an ordered sequence of modest changes in pro-inflammatory signaling followed predominantly by antiinflammatory responses which down-regulates immune function whereas some of the clinical stressors listed above (e.g., sepsis) trigger an excessive and overwhelming elevation in systemic pro-inflammatory responses ([@bib302]). Exercise immunologists have controlled and adapted the duration and intensity of the stress model of exercise to gain a deeper understanding into how alterations in immune function following acute exercise and training may lead to changes in susceptibility to pathogens.

15.4. Immune System and Exercise {#s0035}
================================

The immune system has evolved to protect the human body from pathogens (viruses, bacteria, and parasites). It encompasses the ability to maintain homeostasis even when exposed to a wide range of foreign and self molecules (i.e., antigens). The components of the nonspecific innate system and the specific acquired system overlap to ensure that a state of immunity against infection is established.

15.4.1. Moderate Exercise {#s0040}
-------------------------

One of the main mechanisms responsible for changes in host defense with moderate activity seems to be a greater immunosurveillance associated with moderate activity. Regular bouts of moderate intensity activity generally induce transient improvements in the immune system ([@bib371]). There are various factors which mediate these relationships, one of which is the fitness status of participants, although many studies assessing the immune response to moderate exercise have focused on interventions for previously sedentary individuals.

15.4.2. Strenuous or Intensive Exercise {#s0045}
---------------------------------------

Many components of the immune system are temporarily reduced (exercise-induced immunodepression) after strenuous and/or prolonged bouts of exercise (Gleeson and Walsh, 2012). This may persist for as little as a few hours or a long as a few days (depending on the nature of the exercise). In particular, if subsequent bouts are commenced too soon, before the immune system has fully recovered, then a progressive accumulation of immunodepression may ensue. Periods of depressed immunity, whether small acute periods or more chronic periods, are termed "Open Windows" (as discussed earlier) and this is a likely mechanism explaining increased susceptible. However, it is important to point out that this does not necessarily mean that changes in isolated immune markers alone can predict illness risk. There is considerable redundancy in the immune system, so it is important to note that changes in isolated in vitro and ex vivo markers may not give a good representation of the ability of the whole immune system to mount an effective response. Even if it was possible to measure every component of the immune system (in vitro) concurrently, it would still be virtually impossible to calculate how such results could be combined to predict the whole integrated (in vivo) immune response. For this reason in vivo measures or markers that represent the ability of the whole immune system to mount a coordinated, integrated response are the most useful and clinically relevant markers (see [@bib3], and [@bib378] for detailed reviews). It remains important to study such in vitro and ex vivo markers nonetheless as they provide mechanistic information and insight on the effects of exercise on immunity, but for most of these measures researchers (and practitioners) must exercise caution in their interpretation of such data, which should be used to supplement more clinically relevant markers and provide additional mechanistic insight.

### 15.4.2.1. In Vitro and Ex Vivo Markers {#s0050}

#### 15.4.2.1.1. Leukocyte Count Changes and Acute Exercise {#s0055}

The number of circulating immune cells (leukocytes) is profoundly influenced by acute exercise with reports from over a century ago highlighting the exercise-induced mobilization following the Boston Marathon ([@bib190]). Circulating leukocytes consist of the granulocytes (neutrophils, eosinophils, and basophils; 60%--70% of total), monocytes (5%--15%), dendritic cells (less than 1%), and the lymphocytes (15%--25%) which can be divided into innate \[natural killer (NK) cells\] and acquired (T helper, T cytotoxic, and B cells) cells. It is now clear that leukocytosis, which is an increase in the total number of circulating leukocytes (mainly neutrophils and lymphocytes) occurs (up to 400%) during and immediately post exercise ([@bib310]). The observed changes are dependent on the exercise intensity and duration ([@bib125]) with prolonged endurance exercise (\>1.5 h) causing a greater leukocytosis (three- to fourfold increase) than brief (20--40 min) high-intensity exercise ([@bib291]).

At rest, it is estimated that an equal amount of leukocytes are circulating within the blood and located within marginated pools, adhered to blood vessel walls of the circulatory system ([@bib12], [@bib27]). [@bib110] suggested the increased cardiac output during exercise and the subsequent shear stress (increased blood flow) within blood vessels induces leukocytes to enter circulation in a process known as demargination. However, it is anticipated that marginal pools within the liver, lung, spleen and other vital organs (e.g., bone marrow, intestines) also contribute to the large leukocytosis following exercise as pools in the lung alone possess lymphocytes which are present in 10 times larger amounts than the circulatory pool ([@bib153], [@bib310]).

Activation of the sympathetic nervous system (elevated concentrations of plasma catecholamines) and the hypothalamic--pituitary--adrenal (HPA) axis (cortisol release) during prolonged exercise also play an integral role in exercise-induced leukocytosis ([@bib242], [@bib11], [@bib8]). The immediate leukocytosis, particularly neutrophilia (increased neutrophil count) upon onset of exercise is suggested to be due to the haemodynamic and catecholamine induced demargination of vascular and pulmonary pools but this is later followed by a cortisol-induced release of neutrophils from the bone marrow otherwise known as delayed leukocytosis ([@bib6]). This effect is seen simultaneously with the immediate leukocytosis during prolonged exercise of \>1 h as cortisol level is sufficiently elevated and its action is prolonged, explaining the previously mentioned greater leukocytosis than following shorter, higher intensity exercise ([@bib291]). Neutrophils released from the bone marrow following stimulation by cortisol are suggested to include a greater proportion of immature cells (e.g., band cells) compared to neutrophils that demarginate from the endothelial walls upon onset of exercise which have similar maturity levels to those already in circulation ([@bib150], [@bib215]). Although effects on dendritic cells remain unclear, the bone marrow is also a source of maturation for both monocytes and B cells where monocytes also increase proportionately with exercise duration and B cells are associated with limited redistribution ([@bib268], [@bib300], [@bib250], [@bib186], [@bib257]).

NK and T cells (mostly cytotoxic) also increase proportionately with exercise intensity and duration unlike neutrophils where increases are predominantly influenced by duration ([@bib214], [@bib116], [@bib300], [@bib56]). Even though lymphocytes are present at numerous sites within the body, evidence suggests that mobilization of these cells during exercise mainly occurs from secondary lymphoid organs, for example, spleen, intestinal Peyer's patches (PP) rather than primary lymphoid organs such as the thymus or bone marrow ([@bib312], [@bib313], [@bib56]). The spleen is considered to be an abundant source of the lymphocytes deployed during exercise ([@bib21], [@bib240]), with shear stress and catecholamines being important release mechanisms ([@bib165], [@bib25], [@bib303], [@bib343], [@bib91]). There is a clear consensus developing that exercise triggers a redistribution of T cells with a longer history of antigen exposure rather than naive T cells ([@bib56], [@bib309]).

Following the lymphocytosis during and upon completion of prolonged exercise, the high concentration of adrenaline and cortisol often cause lymphocytopenia (lymphocyte count below resting levels) ([@bib241], [@bib242]) during the recovery. This biphasic response (lymphocytosis during exercise and lymphocytopenia during recovery) has been found with various protocols requiring heavy/prolonged exertion or exhaustive exercise (e.g., [@bib114]; [@bib300]), with lymphocyte count up to 60% below resting levels reported post exercise ([@bib309]). Lymphocytopenia is due to the selective extravasation of lymphocyte subsets, NK and T cytotoxic cells, from blood to the surrounding tissues ([@bib116], [@bib311], [@bib178]). The return of total leukocyte count to resting levels generally begins immediately post exercise with diminishing activation of the sympathetic nervous system and HPA axis, but in the case of very intense exercise, leukocyte (primarily neutrophils) count may continue to increase as described above ([@bib214], [@bib6]). Given these leukocyte perturbations, an increase in neutrophil:lymphocyte ratio is suggested to be an indicator of the overall magnitude of the stress response induced by exercise (Nieman, 1998).

#### 15.4.2.1.2. Innate Immune Cell Function and Acute Exercise {#s0060}

The immune system consists of many physical barriers (e.g., skin, mucus, cilia) which act to prevent entry of pathogens into the human body. If such attempts fail, infectious agents will be detected by receptors present on the cellular components of the innate immune system such as the granulocytes (mostly neutrophils, but include basophils and eosinophils), NK lymphocytes, monocytes (which mature into macrophages within tissue), and dendritic cells.

The recognition of foreign material is one way in which the innate and acquired immune systems differ from one another. Unlike acquired immunity, the innate system does not exhibit memory of previous encounters with antigens (i.e., foreign molecule), therefore a similar response takes place during any future exposure. Present on the cell surface of innate cells are pattern recognition receptors (PRR) that distinguish self from nonself material by recognizing molecules on microbes which have been conserved through evolution due to their essential function i.e., bacterial DNA, lipopolysaccharides (LPS), and other bacterial cell wall components ([@bib168], [@bib31]). The majority of these structures comprise of the Toll-like receptors (TLR) which are crucial components of the antigen presentation cells (APC) (discussed later in this section) of innate immunity (monocytes/macrophages).

Neutrophils also known as polymorphonuclear (PMN) cells (due to their multilobed nucleus) are the most abundant circulating leukocyte population of the immune system. These leukocytes are considered specialised short-lived cells with deficits in numbers and/or function of this subset being associated with increased risk of potentially fatal bacterial infections ([@bib320], [@bib51], [@bib356]). Once released from the bone marrow, neutrophils migrate out of the circulation within 4--10 h to marginated and tissue pools where they reside for a further 1--2 days ([@bib318], [@bib331]).

Neutrophils respond to chemotactic stimuli (e.g., formylated peptides such as formyl methionyl leucyl phenylalanine, fMLP) from fragments of invading microorganisms and tissue damage at sites of infection and inflammation respectively where they engage in numerous intrinsic conformation adaptations during and following their migration (chemotaxis) ([@bib319]). Similar to other phagocytes (e.g., APC, discussed later in this section), the detection of pathogens or tissue damage through PRR (e.g., FPR1, a fMLP receptor) on the neutrophil surface leads to internalization (phagocytosis) and holding of these fragments within the cytoplasm (via a membrane bound vesicle known as phagosome) thereby activating a series of effector functions in the cell ([@bib235], [@bib44]). The mechanistic detail of engulfment by neutrophils may depend on the involvement of the specific ligand (i.e., antigen) attached to the receptors or whether fragments have been opsonised by soluble immune factors, but the process will ultimately involve internalization into a phagosome ([@bib7]). Soluble components which act as opsonins (promote attachment of antigen to phagocyte) include acute phase proteins, antibodies (see Section 1.3.3) and complement proteins (e.g., C3) ([@bib342], [@bib132], [@bib53]). It is worthy to note that elevations in circulating concentrations of acute phase proteins (c-reactive protein, CRP) in response (i.e., acute phase response) to perturbations in homeostasis (e.g., trauma, tissue damage) are considered one example of why the strenuous nature of prolonged exercise is likened to medical conditions (e.g., sepsis, burns) ([@bib180], [@bib267], [@bib106]).

Neutrophils are also known as granulocytes due to the characteristic release (degranulation) of primary azurophil \[defensins, elastase, myeloperoxidase (MPO)\] and secondary specific (lactoferrin, lysozyme) granule contents into the cytoplasm to fuse with the phagosome or the plasma membrane to create an antimicrobial milieu inside and outside of the cell. These granules do show varying readiness to mobilize in response to inflammatory signaling, with the azurophilic subset being the most difficult to mobilize ([@bib7]). The degradation of particles within the phagosome or extracellular space of infected or damaged tissue is aided further by the process of neutrophil oxidative burst involving the formation of reactive oxygen species (ROS) through the NADPH oxidase system ([@bib365], [@bib13]). Depending on the stimulus (see Section 2.4.3.1 for relevant stimuli of this thesis), the NADPH oxidase system may assemble on the membrane of the phagosome and/or the cell where the main ROS produced are the superoxide anions which react to form other intermediates including hydrogen peroxide, hypochlorous acid, hydroxyl radical, and singlet oxygen ([@bib264]). It has been suggested that components of azurophilic (e.g., MPO) and specific (e.g., flavocytochrome b558) granules may regulate the activity of the NADPH oxidase ([@bib337], [@bib7]), highlighting that intracellular signaling cascades triggered by attachments of ligands to surface receptors, may lead to coordinated degranulation and oxidative burst responses to invading pathogens ([@bib77], [@bib281]).

It has also been demonstrated that neutrophils also possess antimicrobial capacity independent of phagocytosis known as neutrophil extracellular traps (NETs) ([@bib208]). Although mechanisms of NETs are not completely understood, it has been established that classical effector functions of neutrophils (degranulation and oxidative burst) play important roles in mediating the response ([@bib115], [@bib263], [@bib223], [@bib7]). NETs are suggested to form upon an active form of cell death which results in the release of a network of nuclear filaments (DNA and histone) into the extracellular space from the degrading neutrophil ([@bib54], [@bib115]).

On the basis of the exercise-induced changes in neutrophil counts it is not surprising that exercise also affects functional responses, but due to the variation in study design the early evidence was conflicting ([@bib264]). Nevertheless, it can be argued that when responses are controlled for on a per cell basis the effects of exercise duration (i.e., prolonged exercise) are clearer. Neutrophils may present on a continuum of state of activation from dormant to primed through to being fully activated ([@bib318]). During exercise, there is a release of agents into the circulation which may prime (e.g., induce assembly of NADPH on membrane) or desensitize (internalization of receptors) the capacity of neutrophils for enhanced responsiveness to later stimulation or inhibit such functional responses respectively ([@bib281], [@bib264], [@bib7]).

The number of neutrophils engaging in phagocytic activity is increased following prolonged exercise but the phagocytic capacity of each neutrophil is decreased within the circulation and the nasal cavity ([@bib117], [@bib227], [@bib39], [@bib250], [@bib64]). [@bib3] suggested that neutrophil phagocytosis may have low suitability as a marker of the immunomodulatory effects of exercise and assessing the killing capacity (degranulation and oxidative burst) may be more sensitive to reflect a susceptibility to infection.

Simultaneous with neutrophilia following prolonged exercise there is an increase in unstimulated degranulation and oxidative burst responses (e.g., measured by total plasma elastase, spontaneous ROS production) ([@bib40], [@bib333], [@bib35]). These findings provide support that prolonged exercise induces neutrophil activation (possibly due to muscle damage) that may result in the cells entering a "refractory period" in the recovery from prolonged exercise whereby there is a transient inability to respond to subsequent stimulation (e.g., in vitro) ([@bib264]).

Numerous studies have found significant decreases in neutrophil degranulation and/or oxidative burst responses to in vitro stimulation by bacterial peptides (fMLP and LPS) and/or synthetic stimuli (phorbol-12-myristate-13-acetate, PMA) during the recovery from prolonged (\>1.5 h) exercise ([@bib64], [@bib334], [@bib80], [@bib81], [@bib82], [@bib84], [@bib182], [@bib83]). This decline in killing capacity has not been coupled to changes in cell surface receptors, suggesting that the modulatory effects of exercise on in vitro stimulants occur downstream in intracellular signal transduction pathways of neutrophils such as phosphorylation cascades or secondary messengers (e.g., cyclic *adenosine monophosphate*, calcium) ([@bib225], [@bib264]). The magnitude of the effects of prolonged exercise on neutrophil effector functions will depend on the balance of immunosuppressive (e.g., "refractory period") and immunostimulating factors (e.g., priming agents) which largely depend on the extent of neutrophilia ([@bib264]). As previously mentioned, prolonged exercise (i.e., elevations in stress hormones) induces a mobilization of immature neutrophils into the circulation which have been shown to exhibit reduced NADPH oxidase activity and granular content ([@bib150], [@bib26]). The immuodepressive effects of cortisol and the subsequent release of subpopulations from the bone marrow was supported by [@bib291] who found that the degree of exercise-induced decrease in stimulated degranulation per neutrophil and neutrophilia was greater following prolonged exercise (\~3 h) compared to short, intense exercise (\~40 min).

Although considered to be a major factor, activation of the HPA axis alone cannot wholly account for changes in the neutrophil function ([@bib182]), as some of the noted inhibitory effects of cortisol on receptor mediated responses (e.g., fMLP) would not explain decreased responses to stimulants that activate neutrophils independent of surface receptors (e.g., PMA) ([@bib255], [@bib348], [@bib264]). Thus other mechanisms have also been suggested to be involved in neutrophil dysfunction, where elevations in catecholamines, cyclic *adenosine monophosphate*, complement proteins (C5a), direct cellular oxidative damage and growth hormone may occur with the inflammatory response to prolonged exercise and have been shown to interfere with calcium signaling or other intermediates of intracellular pathways ([@bib148], [@bib139], [@bib333], [@bib341], [@bib345], [@bib292], [@bib182]).

The susceptibility of phagocytes to modulation by strenuous exertion are also demonstrated by the decreased expression of TLR on the cell surface of monocytes immediately and up to 2 h following prolonged exercise ([@bib187], [@bib258]) which are not explained by exercise-induced changes in monocyte numbers alone ([@bib314]). The phagocytic function of monocytes has been shown to increase following prolonged exercise which may be related to the increased pro-inflammatory phenotype observed with exercise in this leukocyte ([@bib328], [@bib154]). Once monocytes reach the tissues they will form mature macrophages, therefore the biological significance of changes in monocytes is unclear as it may not reflect exercise-induced changes in immunosurveillance within tissue (i.e., at sites of inflammation or infection) ([@bib314], [@bib362]). These macrophages along with other phagocytes (dendritic cells) are present in majority of body tissues where unlike the direct killing capacity of neutrophils, macrophages and dendritic cells mostly act as professional APC ([@bib30], [@bib157]). Investigations within exercise stress models thus far have been limited to animal studies which are difficult to generalize to the human response, but do suggest dysfunction in the capacity of these cells to present antigens following prolonged exercise ([@bib78], [@bib369], [@bib60], [@bib61], [@bib372], [@bib228], [@bib194], [@bib63]).

NK cells are large granular cells that can sense structures of high-molecular weight glycoproteins expressed on virus-infected cells via PRR on their cell surface. They form up to 15% of the lymphocytes within the body and are vital in defense against viral infection. However, compared to other peripheral lymphocytes (B and T cells, see Section 1.3.3), prior sensitisation is not required ([@bib62]). Thus upon activation NK cells trigger apoptosis or lysis of a virus-infected cell by releasing granule contents such as the pore forming proteins perforin and cytolysin. The initial investigations into NK cell activity (NKCA) showed that exercise-induced responses were largely mediated by the duration and intensity of the bout ([@bib119]). The NKCA was demonstrated to mirror the increases in NK cells following moderate or exhaustive exercise ([@bib119], [@bib370]). However, when the exercise bout is intense and prolonged, NCKA on a per cell basis has been shown to be reduced for several hours ([@bib165], [@bib248], [@bib216]).

#### 15.4.2.1.3. Acquired Immune Cell Function and Acute Exercise {#s0065}

Binding of microorganisms to PRR (e.g., TLR) of innate immune cells not only triggers activation of innate parameters but also induces the generation of protein messengers (e.g., cytokines) and other signaling components to stimulate acquired immunity ([@bib336]). However, compared to innate immunity, the acquired immune response to a pathogen is delayed due to a lag period for recognition by the vast range of antigen receptors within B and T lymphocyte populations, clonal selection/expansion of the pertinent lymphocytes and clonal elimination for tolerance of self to occur ([@bib168], [@bib219]).

T and B cells form 60%--80% and 5%--15% of the circulating pool of lymphocytes respectively, where the T cell population mature in the thymus gland and the B cells in the bone marrow. T lymphocytes are subdivided further into cytotoxic (Tc, CD8+), helper (Th, CD4+), and regulatory (Treg) where the Treg are formed from a naive CD4+ cell and modulate immune responses compared to the primary involvement in removal of pathogens by Tc and Th.

The induction of a primary immune response to pathogens involves presentation of antigens to the cell surface receptor of T lymphocytes (T cell receptor) by dendritic cells ([@bib189], [@bib222]), while all other APC (e.g., monocytes, macrophages) are involved in the initiation of secondary immune responses via memory T cells which have encountered the antigen previously ([@bib118]). T cells are able to recognize antigens via major histocompatibilty complex (MHC) class I and II molecules on the cell surface of an APC ([@bib18]). The number of antigens encountered by an individual will determine the proportion of naive (unactivated) or memory (activated) T cells circulating within the body.

Although structurally similar to the T cell receptor, the surface receptor of the B lymphocyte is a membrane-anchored immunoglobulin (Ig) (also termed antibody). Upon interaction of antigen and receptor, the B cell undergoes clonal expansion to form both short-lived plasma effector cells and long-lived memory cells or internalize the bound antigen and act as an APC to T cells ([@bib191]). The short-lived plasma cells secrete Igs into the blood to aid destruction of the pathogen while the memory cells with their greater affinity to the antigens can remain in the circulation throughout life to rapidly differentiate into plasma effector cells if the same antigen is encountered again ([@bib362]).

The circulating Igs fall into five major classes, IgM, IgG, IgA, IgD, and IgE where each of these classes can be divided further into subclasses. This diverse repertoire of Igs possess functional regions capable of binding to a vast range of antigen sites (epitopes) to form immune (antigen--antibody) complexes that neutralize the toxicity of certain antigens or common Ig regions which can activate phagocyte ingestion and soluble innate factors (e.g., complement) ([@bib244]). Following a lag period for accumulation of Igs within the blood, the IgM class predominates during any primary response to an antigen whereas IgG predominates under normal resting conditions as well as in the rapid Ig response to secondary antigen exposure ([@bib218]).

Therefore the acquired immune system consists of a cellular (i.e., T cells) and humoral component (i.e., Ig). Determining which component of the acquired immune system predominates, are the subpopulations of Th cells (Th1 and Th2) and the cytokine profile they produce and release ([@bib362]). Cytokines act as protein messengers between one immune cell and other, where the cell receiving the signal may proliferate, secrete additional cytokines, migrate to the area of origin of the signal, differentiate into another type of cell or die (undergo apoptosis) ([@bib75]). The main cytokine group responsible for leukocyte communication is the interleukin (IL) family but other major cytokine groups are the colony stimulating factors (e.g., granulocyte macrophage colony stimulating factor, granulocyte-colony stimulating factor), tumor necrosis factors, and interferons (IFN) where their main roles are stimulation of cell growth, tumor cytoxicity, and inhibition of viral replication respectively ([@bib75]).

The stimulation of Th1 cells and production of cytokines such as IL-2, and IFN γ promotes cell-mediated immunity (Tc responses) for defense against intracellular pathogens while activation of Th2 cells (IL-4, IL-5, IL-6, and IL-13) coordinates humoral immunity (B cells) and release of Igs for defense against extracellular pathogens ([@bib299]). It has been suggested that intense/prolonged exercise can modulate this balance by decreasing the proportion of Th1 cells in circulation whereas Th2 cells remain unaffected ([@bib327], [@bib185], [@bib186]). This shift in immunity has been proposed to provide an explanation for potential increases in the susceptibility to URI following prolonged exercise given the importance of type 1 responses towards viral infection ([@bib327], [@bib102]).

Such effects of exercise are suggested to be mediated via the suppression of type 1 cytokine production by elevations in stress in hormones (adrenaline and cortisol) and the release of cytokines from contracting skeletal muscle (primarily IL-6) that favor production of type 2 cytokines ([@bib125]). Supporting evidence for cytokine modulations following intense exercise has been provided by decreases in IL-2 and IFN and no changes in IL-4 shown with in vitro mitogen-stimulated isolated cells and whole blood culture ([@bib351], [@bib226], [@bib321], [@bib326]). These changes in cytokine production overlap with influences on other stages of T cell activation where decreases in mitogen-induced T cell proliferation have been observed following intense/prolonged exercise ([@bib114]; [@bib241], [@bib249]; [@bib149]; [@bib36]).

Despite these observations, the evidence suggesting that T cell activation is down-regulated by prolonged exercise is confounded by numerous methodological limitations ([@bib362]). T cell proliferation assays generally use a fixed amount of total lymphocytes or whole blood so changes following exercise may only reflect changes in the proportion of lymphocyte subsets due to the greater increase in NK cells post exercise which do not respond to mitogen ([@bib135]). Depletion of NK cells from cell culture has been found to remove the significance of changes in mitogen-induced proliferation following exercise ([@bib136]). [@bib241] found that proliferative responses were substantially different based on adjustments for T cell populations, but there was still a significant fall in proliferation following intense exercise compared to preexercise. Nevertheless, the validity and sensitivity of mitogen-induced culture to assess T cell function have been questioned due to their nonspecific effects (activating other cell types, e.g., B cells) and lack of ability to detect subtle changes in individual T cell populations ([@bib36]).

[@bib38] demonstrated that ex vivo migration of CD4+ and CD8+ cells to a human-rhinovirus infected bronchial (lung) epithelial cell line was decreased following a prolonged exercise bout (2 h of running). It is also difficult to extrapolate such observations on isolated cells from a circulating pool that is considerably lower than total lymphocyte mass within the complex in vivo environments at the skin, mucosa, and lymph nodes ([@bib125]). Although investigations on whole blood maintains the proximity of leukocytes and the extracellular milieu of leukocytes compared to leukocyte isolation, the use of in vivo measures to assess response to antigenic challenge may be more clinically relevant ([@bib3], [@bib378], [@bib362], [@bib29]).

#### 15.4.2.1.4. Mucosal Immunity and Acute Exercise {#s0070}

Both cell-mediated and adaptive parameters contribute to the largest component of the immune system, mucosal immunity (total surface area of 400 m^2^) ([@bib52]). The importance in host defense against pathogens becomes apparent when recognizing that the mucosal surfaces of the upper and lower respiratory tract account for \~50%--60% of total immune protection by the body and the small intestine along with the colon are responsible for 70% of all Igs produced ([@bib179]). Increases in illness and morbidity have been attributed to impairment in mucosal immunity ([@bib379]), highlighting the importance that immune competence at mucosal surfaces has in the health and well-being of athletes ([@bib366]). Although not functioning independently of the systemic immune system, mucosal immunity is also considered a distinct entity due to its autonomously regulated, localized defense mechanisms ([@bib349]).

The gut-associated lymphoid tissue, urogenital tracts, lacrimal glands, lactating mammary glands, and respiratory tracts which include the bronchus-associated lymphoid tissue (BALT), salivary glands and nasal-associated lymphoid tissue are all mucosal surfaces which fall under the network of immune structures known as the common mucosal immune system (CMIS) ([@bib126]). The immunological protection provided by this network may be via organized tissue with well-formed follicles (muscosa-associated lymphoid tissue) such as PP of the small intestine or as a diffuse accumulation of leukocytes (lymphocytes, plasma cells, and phagocytes) as found in the lung and the lamina propria (connective tissue) of the small intestine ([@bib181]). These immune structures are pivotal for the mono-layered epithelial layer of mucosal surfaces which is continually exposed to a wide array of antigens or allergens including pathogenic bacteria or viruses, gut microflora and ingested food ([@bib158]). Indeed, the mucosae are considered to be the first line of defense as they are the sites where most pathogens enter the body ([@bib204]).

The CMIS are differentiated into inductive and effector sites, where the induction sites (primarily PP) involve the sensitization of immune response following antigen presentation while the effector sites consist of interconnected distal sites (respiratory tract, lamina propria) where the array of activated B cells and plasma cells home and migrate to provide local protection ([@bib181], [@bib179]). At least 80% of the body's plasma cells (activated B cells) reside in the mucosal effector tissues, with local production of Igs representing a major immunological barrier at all mucosal surfaces and IgA being the predominant antibody ([@bib52], [@bib33]).

Within the bloodstream, IgA under most circumstances is found as a monomeric peptide ([@bib376]). However, in all mucosal secretions IgA exists as a dimeric protein covalently linked by a J chain containing another peptide termed the secretory component ([@bib126]). The secretory component is the cleaved segment of the polymeric Ig receptor (pIgR) that is produced by the mucosal and glandular epithelial cells and expressed on the basolateral membrane ([@bib340], [@bib33]). The proteolytic cleavage of pIgR occurs following its binding and induction of the active transport (exocytosis) of dimeric IgA through epithelial cells on to the mucosal surface ([@bib330]). The remaining secretory component wrapped around the J chain-linked dimeric IgA forms secretory IgA (SIgA) which is considered to be resistant to proteases secreted at mucosal sites (e.g., intestinal mucosa) ([@bib352], [@bib195], [@bib159], [@bib330]). It is this local production of SIgA that forms the major effector function of mucosal immunity ([@bib33]). Only in the neonate or situations of IgA deficiency does IgM represent a significant defense at mucosal surfaces with IgG also being found in low quantities at mucosae ([@bib52], [@bib126]).

IgA can be further divided into subclasses, where IgA2 is the most abundant in the distal gastrointestinal tract (60%), whereas IgA1 predominates in the salivary glands (60%--80%) and nasal lymphoid tissue (\>90%) ([@bib123]). Protection of mucosal surfaces via SIgA occurs through multiple mechanisms. One such mechanism known as immune exclusion involves the binding of antigens to regulate the commensal microorganisms (microbiota) and prevent the attachment and invasion of mucosal surfaces by pathogens ([@bib330], [@bib332]). Other mechanisms include the binding of antigens which have already crossed the mucosal barrier and actively transporting them back across the epithelial layer into the lumen or intracellular neutralisation of viruses when bound to pIgR within the mucosal epithelia ([@bib183]).

The presence of SIgA (formed by B cells adjacent to salivary ducts and glands) in saliva has tended to be the mucosal immune marker of choice due to the ease of collection ([@bib174], [@bib123], [@bib294], [@bib33]). Most of the salivary fluid itself is formed by three pairs of major salivary glands (parotid, submandibular, sublingual) but production is supplemented by a vast amount of small submucosal glands that lie on and around the tissue (e.g., palate, tongue) within the oral cavity ([@bib278]). Although saliva drains from the acini (cluster of cells) of each of these glands into the mouth via striated and excretory ducts, the nature of the secretion differs whereby a serous (watery) fluid is produced by the parotid, mucous fluid by the submandibular and sero-mucous mixture by the sublingual ([@bib9]). In unstimulated saliva secretion, the proportion of the fluid provided by parotid, submandibular, sublingual and the remaining submucosal glands are suggested to be 25%, 60%, 8%, and 8% respectively on average ([@bib87]).

In addition to the aforementioned transcytosis of SIgA into the mucosal secretion, saliva benefits from the import of several antimicrobial peptides (AMPs) that contribute to the first line of defense by providing innate defences compared to the specific nature of IgA ([@bib16]). AMPs are categorized as being small cationic peptides (\< 100 amino acids) that represent inducible, constituent factors of mucosal secretions ([@bib366]). Although numerous AMPs require some form of enzymatic modification prior to their functional configuration, they act in synergy with other components of the innate immune system to prevent and aid clearance of infections ([@bib357], [@bib50], [@bib88], [@bib156], [@bib284]). Several AMPs can modulate other immune processes such as leukocyte cytokine secretion, chemotaxis and remodeling of injured epithelia ([@bib120], [@bib50], [@bib346]).

The most abundant AMPs in the secretions of the URT are lysozyme and lactoferrin ([@bib315]). Lysozyme is a small protein (145 kDa) released into saliva by neutrophils, macrophages, and the submucosal glands that possesses bactericidal capacity through hydrolyzing the polysaccharide of bacterial cell walls ([@bib160], [@bib350], [@bib46], [@bib366], [@bib104]). The antimicrobial properties of the smaller molecule lactoferrin (80 kDa) from neutrophils and submucosal glands are due to its ability to bind free iron, depriving bacteria of this nutrient that is essential for growth and multiplication ([@bib192], [@bib50], [@bib363]). Although not an inhibitor of the main causative agent of URTI (rhinovirus), lactoferrin is considered to be effective against other common respiratory viruses \[adenovirus, respiratory syncytial virus ([@bib366])\].

There is a wide variety of other AMPs, most of which have been grouped into three main families; cathelicidins (e.g., LL37), defensins (α and β subfamilies), and histatins ([@bib16]). These are primarily released into the oral cavity by the epithelial cells, salivary glands, and/or neutrophils ([@bib88], [@bib104]). The AMPs work synergistically in low concentrations to destabilize cell walls of microorganisms and provide a broad spectrum of activity against gram-positive and gram-negative bacteria ([@bib16]). Other salivary proteins that contribute an important line of defense via the inhibition of adherence and growth of specific bacteria (e.g., *Streptococcus*) at the oral mucosa include α-amylase ([@bib295]). In addition to influx of invading microorganisms from the external environment, the human mouth has a constant microbial presence that needs to be regulated ([@bib24]).

Surfaces of the oral cavity are bathed with saliva, whereby the fluid is recognized to provide a "fingerprint" of the vast range of the resident microorganisms ([@bib193], [@bib49], [@bib103], [@bib89]). Reduced salivary flow rate can directly impact on the oral microbiome by inducing a shift towards colonization via pathogenic microorganisms ([@bib224]). Indeed, the entire surface of the respiratory tract is a source of commensal microorganisms which, similar to exogenous antigens, possess the ability to become pathogenic in the host ([@bib364], [@bib47]). AMPs not only play a crucial role in the protection against foreign pathogens, but also act as a synergic arsenal of molecules that regulate the response to commensal bacteria ([@bib43], [@bib85], [@bib161]). Therefore the importance of AMPs is twofold; preventing disruption of the epithelial layer by acting as a critical first line of defense (biofilm) against pathogens, and maintaining homeostasis of the commensal community that act to outcompete invading microorganisms ([@bib42], [@bib230], [@bib145]).

The overlapping nature of these defenses is highlighted when reduction in expressions of AMPs in in vitro models lead to changes in bacterial colonization ([@bib17], [@bib196]). Subsequently, perturbations in the balance of the microbiota on the mucosal surface can lead to overgrowth and further amplification of microbes which may have direct effects locally (e.g., oral infection, URTI) or have indirect effects through predisposing to respiratory illness with the many established interactions between microorganisms (bacteria--bacteria, viral--bacteria) ([@bib317], [@bib42], [@bib230], [@bib224], [@bib47]). Such debilitating effects are likely to occur if the imbalance in microbiota occurred due to a lack of immune competence (e.g., decreased AMPs) ([@bib47]).

The resistance of the microbiota within the URT to the immune perturbations associated with prolonged exercise is currently unclear. The most popular parameter of mucosal immunity that has been investigated in an acute exercise setting has been salivary SIgA due to the notion that individuals who suffer from IgA deficiency contract URTI regularly ([@bib126]). Physiological changes (e.g., nervous stimulation, dehydration) during exercise can influence the secretion of saliva and its protein components ([@bib360], [@bib33]). The salivary glands are innervated by both the parasympathetic and sympathetic nervous system, with changes in stimulation of either of these having an influence on the volume, viscosity, protein and mucin concentration ([@bib9]). Parasympathetic nervous stimulation via vasodilation of the salivary glands is believed to trigger a high volume of watery saliva, low in protein concentration ([@bib33]). On the other hand, sympathetic stimulation produces salivary secretions which are low in volume but high in protein that is primarily due to enhanced active transport of proteins from salivary cells ([@bib278]). Thus similar to the other discussed immune parameters, salivary SIgA concentration is susceptible to effects (sympathetic and parasympathetic responses) of exercise intensity and duration ([@bib362]).

The following discussion will consider those studies which have used the most reproducible collection method, unstimulated whole saliva collection (also termed passive drool), due to the potential for stimulated saliva flow (e.g., chewing) and other collection methods (e.g., swabs) to preferentially induce secretion from certain glands and/or influence saliva composition once secreted ([@bib237], [@bib236], [@bib277], [@bib141], [@bib33], [@bib23], [@bib133], [@bib5]).

Although there is inconsistency in study design within the literature to draw a definitive conclusion, [@bib362] suggested that SIgA concentration in saliva generally decreases (e.g., [@bib347]; [@bib252], [@bib253]; [@bib261]) or remains unchanged (e.g., [@bib202]; [@bib294]) following prolonged exercise (≥1.5 h at 50%--75% maximum oxygen uptake, $\overset{˙}{V}O_{2_{\max}}$). It seems that the combination of high-intensity and exercise of a long duration has the most significant impact (i.e., depressive) on salivary SIgA concentration ([@bib201], [@bib252]). The discrepancies in the literature are also believed to be partly due to the way in which salivary SIgA concentration is expressed relative to the exercise-induced changes in physiological responses ([@bib359]). In an attempt to account for such changes, salivary SIgA concentration has been expressed as a secretion rate or relative to total salivary protein/albumin/osmolality ([@bib123]), but this makes the comparison between studies difficult ([@bib33]).

The secretion rate or expression relative to saliva osmolality are preferred over measures of SIgA as ratio to total protein ([@bib41]). One reason for this is that other salivary proteins (e.g., amylase) are known to increase with exercise without a change in SIgA (Walsh et al., 1999). Furthermore, expression as a secretion rate may better reflect the amount of available SIgA on the mucosal surface ([@bib203]). In contrast, it has been argued that salivary SIgA concentration is of greater significance as secretion rate may only provide an explanation to how salivary flow rate has changed ([@bib33]). Having said that, salivary SIgA when expressed as a secretion rate has been found to be the best predictor of URI incidence in athletes following a 160 km race ([@bib253]) or during intense training and competitive phases ([@bib105]). Additionally, given that the majority of saliva is water, expression relative to secretion rate also accounts for the concentrating effect of other salivary components following any dehydration ([@bib34], [@bib259]). As saliva osmolality reflects the inorganic electrolyte concentration (rather than protein content) and hence falls in proportion with decreases in flow rate, SIgA:osmolality provides an alternative method ([@bib41], [@bib33]).

Although IgA is the dominant Ig in mucosal secretions, some have also attempted to identify changes in salivary IgG and IgM concentrations following exercise. Limited findings suggest IgG remains unchanged but IgM parallels decreases in salivary SIgA, highlighting the potential effects that acute strenuous exercise has on salivary immune parameters ([@bib126], [@bib33]). Another aspect of mucosal immunity which has received little attention to date is the responses of AMPs to exercise ([@bib362]). Despite the interest of the dentistry field in the role of AMPs in oral health and infection, ([@bib280], [@bib338], [@bib339], [@bib76]), the relationship of AMPs with exercise-induced immune dysfunction is yet to be explored conclusively ([@bib85]).

To date, the few investigations that have been conducted suggest in accordance with other immunological measures, responses of AMPs may be dependent on the intensity and duration of the exercise bout ([@bib151]). A 2 h cycling bout at \~65% $\overset{˙}{V}O_{2_{\max}}$ resulted in a significant decrease in salivary lysozyme (sLys) concentration, sLys secretion rate and sLys:osmolality which recovered after 1 h of rest ([@bib83]). In contrast, expressions of other AMPs (LL37 and defensins: human neutrophil peptide 1--3) following similar stressors (2.5 h at \~60% $\overset{˙}{V}O_{2_{\max}}$) have been shown to significantly increased immediately post exercise. In the recovery period (0--1.5 h post) following a 50 km mountain trail race (mean running time \~8 h) there was a significant decrease in salivary lactoferrin (sLac) concentration and nonsignificant decreases in sLac and sLys secretion rate ([@bib121]).

The mechanism behind the effects of prolonged exercise on salivary parameters (AMPs, SIgA) remains unclear ([@bib362]). The flow rate of saliva is considered to be the major source of variation in concentration of mucosal parameters ([@bib126]). In general, saliva flow rate decreases in response to a prolonged exercise bout ([@bib358], [@bib34]). Decreases have been attributed to a withdrawal of parasympathetic stimulation rather than sympathetic-induced vasoconstriction of salivary glands ([@bib33]). Parasympathetic withdrawal associated with sensations of a dry mouth in response to other acute stressors (e.g., psychological) supports such proposals as does the lack of effect on saliva flow rate with interventions aimed to increase sympathetic stimulation ([@bib46], [@bib37]).

A crucial determinant of SIgA release into saliva is the presence of pIgR to permit transport across the epithelial layer ([@bib46]). Evidence from animal studies suggests that increased mobilization of pIgR occurs only above a certain threshold of increased sympathetic stimulation ([@bib279]). This may explain why a brief bout of high-intensity exercise leads to increases in salivary SIgA (e.g., [@bib79]). However, this does not explain the decrease found with prolonged exercise bouts ([@bib33]). It has been speculated that this nervous stimulation over a longer period (i.e., prolonged exercise) may deplete the available IgA ([@bib279], [@bib4]) or there may be a further threshold or interaction with duration where pIgR mobilization is down-regulated ([@bib362]).

As brief bouts of maximal effort exercise result in increased sLac and sLys, it is reasonable to suggest that mobilization of AMPs during exercise is also influenced by sympathetic stimulation in relation to certain thresholds ([@bib4], [@bib367], [@bib353]). However, the reductions in sLys following prolonged exercise may rather be related to an increased stimulation of the HPA axis and hence increases in salivary cortisol concentration, which have been associated (note, not cause, and effect) with reduced concentration of sLys ([@bib269], [@bib367]). Additionally, it is worthy to note that the source of sLac and sLys (phagocytes, epithelial cells) is different to SIgA. Therefore it is possible that increases in AMPs during high-intensity exercise may be as a result of the effects of hyperventilation (e.g., drying of the mucosal surfaces) given that some of these changes are lost or reduced when expressed relative to osmolality or as a secretion rate ([@bib79]).

Additionally, the exercise-induced damage to the epithelial layer could induce an inflammatory response whereby epithelial cells increase release of AMPs and other sources of AMPs are recruited (e.g., neutrophils) ([@bib367]). The relative contribution of AMPs from each of these sources to saliva levels at both rest and following exercise is unclear. However, it is reasonable to suggest that an airway inflammatory response partly accounts for the increases in AMPs identified immediately following prolonged exercise ([@bib85]). Certain AMPs (α defensins) have been suggested to make up 50% of the protein found in neutrophil azurophilic granules ([@bib284]). [@bib227] demonstrated a significant (twofold) increase in the neutrophil count of mucosal secretions (nasal lavage fluid) following a prolonged exercise bout. Although neutrophils continually migrate into saliva from the circulation via gingival crevices ([@bib199], [@bib24]), the extent of neutrophila that occurs in the circulation following exercise may lead to the presence of neutrophils and their contents in saliva (e.g., AMPs) being substantially increased ([@bib85]). Increased levels of AMPS (e.g., α defensins) have been observed in other body fluids (e.g., plasma) following a circulating neutrophila ([@bib307]). The variation in the responses of different AMPs to prolonged exercise ([@bib85], [@bib83]), therefore, may be due to the changes in the maturity of circulating neutrophils (as expressions of AMPs can vary throughout the maturation of the neutrophil in the bone marrow) or decreases in some AMPs may merely reflect neutrophils undergoing a refractory period post exercise ([@bib69], [@bib45], [@bib138], [@bib232], [@bib322], [@bib233], [@bib234], [@bib264]).

15.4.3. Exercise Training and Immune Function {#s0075}
---------------------------------------------

Based on the evidence presented to date regarding acute prolonged exercise, it may be expected that the highly trained athletes demonstrate lower immune function at rest compared to nonexercising controls. However, numerous cross-sectional studies have attempted to discern such differences and found that when measures of immune function are gathered in a "resting state" (at least 24 h following the previous bout) there seems to be very little difference between athletes and controls ([@bib125]). A review of early investigations in the area (Nieman, 2000) suggested even when significant immune perturbations had been observed in athletes participating in strenuous exercise, investigators had limited success in identifying such measures that influence alteration in rates of URI ([@bib247], [@bib203], [@bib250], [@bib251]). This actually adds further support to the Open Window theory, whereby these periods of depressed immunity are transient. However, for athletes who train many times per week, they will experience multiple open windows and the total time of increased susceptibility will be greater, meaning a higher overall risk of contracting an illness.

Despite the large inter-individual variation in concentration of salivary SIgA, ([@bib362]) some of the early work (salivary SIgA responses to training) reported lower concentrations in endurance athletes compared to sedentary counterparts ([@bib347]). In contrast, most of the subsequent investigations support evidence of other parameters by showing salivary SIgA to be broadly similar in the two populations ([@bib126], [@bib33]). Conversely, findings in elite rowers had 50%--60% lower sLac concentration than controls at the start and mid-way through a 5 month training period ([@bib367]), suggesting investigations of the mucosal immune compartment in a "resting state" between these populations requires further attention. Inverse relationships between salivary SIgA concentration/secretion and URI incidence in some studies of athletes undergoing periods of intensive training (i.e., athletes not necessarily in "resting state") ([@bib105], [@bib239]) further supports the need for longitudinal research on mucosal immunity with large athletic populations ([@bib242]). The common observations of this mucosal parameter within intensive training studies represents a narrow range that have established a link between an immune measure and URI in athletes ([@bib125], [@bib362]).

Given the complexity of the immune system, it is unlikely that salivary SIgA alone would explain URI risk for all athletes, thus other factors in combination with the immune measure need to be determined ([@bib245]). Investigators have begun attempts to address this by examining differences between illness prone and healthy athletes with early evidence suggesting that the blood obtained from the illness prone athletes has greater ex vivo production of antiinflammatory cytokines (e.g., IL-4 and IL-10) in response to multiantigen challenge, indicative of a downregulation of cell-mediated immunity ([@bib130], [@bib131], [@bib127]).

Multifactorial mechanisms beyond salivary SIgA alone in URI incidence become more apparent when athletes intensify their training over a short period of time ([@bib125]). Indeed, 1--3 weeks of intensified training has been shown to induce marked reductions in neutrophil and monocyte function, lymphocyte proliferation and the circulating number of T cells ([@bib355], [@bib290], [@bib184], [@bib185]). In addition to intensive experimental protocols, longitudinal monitoring over a competitive seasons showed that team sports (rugby) and endurance athletes (cyclists) are sensitive to the intensive training periods with decreases in T cell counts, sLys, neutrophil oxidative burst, and IL-2 production ([@bib15], [@bib74]). Indeed, rapid changes (increases) in training load/stimulus may be the key risk factor (more so than total training load) for URI occurrence in athletes (e.g., [@bib335]).

These findings suggest that there is a cumulative effect of repeated bouts of strenuous exercise due to an inadequate recovery time for the immune system ([@bib262]). Furthermore, it may be that responses to acute prolonged exercise are more relevant than resting immunity in athletes where the immediate recovery period represents the "open window" when athletes are most vulnerable to infection ([@bib247], [@bib241]; [@bib266]; [@bib1]), since the chronic effects represent the accumulation of each acute response. Despite the lack of clear difference in measures at rest, as mentioned earlier, as athletes are exposed to more frequent acute bouts ("open windows") of immunodepression, the overall risk may be considered greater than nonexercising controls and each acute response dictates the size and duration of each individual "open window." The presence of any other risk factors (e.g., dietary deficiency, sleep disturbance, psychological stress) will have additive effects on the transient immune responses and increase the risk of illness following prolonged exercise as seen in many studies ([@bib125]). Although underlying causes of URI remain uncertain, decrements in performance as a result of URI have been reported ([@bib287], [@bib283]). The monitoring of the risk status of an athlete is paramount in order to determine the appropriate preventive or therapeutic interventions required during stages of strenuous training/competition.

### 15.4.3.1. In Vitro and Ex Vivo Markers: Moderate Exercise {#s0080}

Regular moderate activity in both sedentary and active populations is considered to promote an antiinflammatory environment. This is an important underlying mechanism in the protection against chronic inflammatory conditions gained from physical activity in older populations (e.g., cardiovascular disease, type 2 diabetes, obesity) ([@bib361]). Despite moderate activity induced decreases in resting concentrations of inflammatory mediators (e.g., acute phase reactants, CRP) ([@bib217]), evidence of an influence of regular moderate activity on resting leukocyte function remains equivocal however. It is likely that additional mechanisms are also responsible for the benefits of physical activity on overall immunity and infection risk. Moderate activity (cycling) of 1 h duration has been shown to increase the capacity of blood neutrophils to respond to both receptor independent and dependent in vitro stimulation (Smith et al., 1996). This exercise-induced priming of neutrophil microbiocidal capacity has been suggested to be due to an increased presence of immunostimulating factors in the circulation and a greater proportion of responsive cells. [@bib90] suggests that the immunopotentiation from moderate exercise is due to the bidirectional effect of stress hormones on immunity where subtle elevations are beneficial whereas significant and sustained elevations (as seen with prolonged and/or intensive exertion) are detrimental to the host. It is these short-lived changes in cell-mediated immunity that occur during and shortly after each acute moderate exercise bout itself that are proposed to contribute to the lower risk of URTI ([@bib254]).

To further investigate the effect of moderate activity on cell-mediated immunity, animal and human experimental studies have monitored the production of cytokines by T lymphocytes. It is well established that intracellular pathogens trigger a (type 1) cell-mediated immune response resulting in the differentiation of naive CD4+ and CD8+ T cells into T helper and T cytotoxic type 1 lymphocytes (Th1/Tc1) characterized by a phenotype of interferon (IFN)-γ and IL-2 production (Seder, 1994). In contrast, extracellular pathogens, induce a humoral (type 2) immune response resulting in the differentiation of naive CD4+ and CD8+ T cells into Th2/Tc2 lymphocytes characterized by a phenotype of IL-4, IL-5, IL-10, and IL-13 production (Seder, 1994). Type 1 and type 2 phenotypes are mutually inhibitory, whereby up-regulation or downregulation of either leads to an imbalance in immune responses ([@bib377]). For example, it has been suggested that moderate activity can induce heightened type 1 responses and, given the importance of type 1 responses towards viral infection ([@bib327], [@bib102]), contribute to decreased URTI risk. [@bib22] showed that an acute bout of moderate cycling caused increases in IFN-γ production by peripheral blood lymphocytes of young adults where concentrations remained elevated compared to a control group 24 h post exercise. Longitudinal studies (0.5--4 years) of moderate activity (cycling or walking for 30 min each day) have to date only been investigated in the older population where an age-associated decline in type 1 lymphocytes and cytokines have been reversed ([@bib256], [@bib306]). Although a type 1 response is critical for immmunosurveillance and early viral clearance, a sustained or excessive shift towards this phenotype has been implicated in tissue damage within lung pathology ([@bib354]). [@bib209] have hypothesized, albeit from animal models, that moderate activity also potentiates immunoregulatory mechanisms to skew towards a Th2 phenotype and antiinflammatory environment during responses to infection. Further research is warranted to determine the role of type 1/type 2 balance and cell-derived cytokines towards infection risk.

Longitudinal interventions (\~16 weeks) also suggest that aerobic activities of a moderate intensity mediate the resting levels of other immune parameters in the circulatory and mucosal (saliva) compartments. This may include increasing ("restoring") plasma Ig or preventing further age-related decline in salivary concentrations (secretory IgA, SIgA) in the elderly or increasing levels (e.g., SIgA secretion rate) in the younger adult population ([@bib238], [@bib169], [@bib2], [@bib210], [@bib316]).

SIgA of the mucosal immune system expressed as a saliva secretion rate has previously been found to be the best predictor of URTI incidence (risk) during exposure to intense, prolonged exertion ([@bib253]). As a reduction in incidence of URTI symptoms during 12 weeks of moderate activity has been associated with an increase in SIgA ([@bib169]), it is likely that this parameter plays an important role in the differential dose--response relationship of physical activity and infection risk. The underlying mechanisms of these changes are unclear but evidence from animal studies suggest that moderate activity may mediate an up-regulation of SIgA production by stimulating the expression of cytokines involved in the synthesis of the Ig ([@bib92]). Based on the available evidence, regular aerobic moderate activity should be promoted as a preventive strategy against URTI due to a combination of short-term acute changes after each bout and a summation effect over a longer period, with the exact temporal pattern being dependent on the investigated immune parameter.

Resistance exercise has been studied less comprehensively in the context of its effects on immunity. The majority or research in this area has focused on the postexercise changes in leukocyte counts ([@bib111]). Following an acute bout of resistance exercise, NK cells, monocytes and neutrophils increase in the circulation whereby the number of some of these subsets (monocytes, neutrophils) remain elevated for up to 2 h post exercise ([@bib285]). The duration and magnitude of the postexercise leukocytosis is diminished in the older population as a consequence of age-related decline in leukocytes ([@bib111]). Differentiation of monocytes into macrophages and their infiltration into muscle tissue with neutrophils is essential for the regeneration and repair of muscle tissue after resistance exercise induced damage ([@bib10]; [@bib381]). This leukocyte redistribution has been shown to be dependent on individual components of the resistance exercise (e.g., rest length, training load) ([@bib213], [@bib59]). The extent of this damage depends largely on the eccentric component of the exercise bout ([@bib323]). The infiltration of immune cells and release of chemokines and other inflammatory mediators associated with this muscle damage creates a localized pro-inflammatory environment ([@bib95]). Although focus of investigations with resistance exercise has not been on changes in infection risk per se, this heightened inflammatory environment has been proposed to be an effective adjuvant that may enhance responses to vaccination ([@bib97]) as discussed in the vaccination section below.

### 15.4.3.2. In Vivo Measures {#s0085}

As discussed earlier, in vitro and ex vivo markers can help understanding of how the immune system responds to exercise but the most valuable (clinically relevant) measures are those which assess the whole integrated immune response ([@bib3], [@bib378]). In the exercise immunology literature, such measures include challenge-type tests \[such as delayed type hypersensitivity (DTH) or contact hypersensitivity (CHS) tests\], response to vaccination, and possibly the reactivation of latent viruses (as discussed earlier).

#### 15.4.3.2.1. Strenuous or Intensive Exercise {#s0090}

DTH is a complex local immunological reaction to an intracutaneous antigen (following previous encounter/sensitisation) that is primarily T-cell-mediated but involves interaction of various cell types and chemical mediators of the immune system to induce a cell-mediated immune response ([@bib3]). Although the antigen presentation to T cells within a DTH reaction is similar to the response to intracellular pathogens ([@bib166]), it can be considered an amplified reflection of the stages that occur with a "conventional" antigen which allows for the cell-mediated immune response to be noninvasively quantified ([@bib170]). The DTH reaction is characterized by an infiltration of predominantly peripheral blood mononuclear cells \[T cells (antigen-specific) and monocytes/macrophages\] which release cytokines and other inflammatory mediators that present as eczematous plaques at the site (i.e., skin) ([@bib55], [@bib296], [@bib164], [@bib206]). Such epidermal indurations (edema and erythema) that peak in the 24--48 h following antigen reexposure can then provide the means by which cell-mediated immune response (the outcome) can be measured ([@bib3]).

[@bib55] showed that triathletes who completed prolonged exercise prior to intradermal injections of seven previously encountered antigens had significantly reduced skin responses compared to resting controls, indicating immunodepression. This method, however, is limited to the recall (elicitation) of preexisting immunological memory and does not provide any evidence on the effects of prolonged exercise on the primary immune (induction) response to a novel antigen ([@bib142]). Contact sensitisation which involves topical skin exposure to novel synthetic chemicals provides an experimental model where both the elicitation and induction of T-cell-mediated responses can be measured ([@bib260], [@bib3], [@bib113]).

[@bib142] found that participating in prolonged exercise (2 h of running) compared with seated rest prior to cutaneous sensitisation with a novel antigen (diphenylcyclopropenone, DPCP) reduced the recall (elicitation) of the immune response (skin erythema and edema) to that same antigen four weeks later. When participants completed the same prolonged exercise immediately prior to the elicitation phase (recall at four weeks), there was also a reduction in skin responses to DPCP compared to resting controls. However, the magnitude of reduction in response to DPCP at this phase (elicitation, 20%) was considerably lower than the reduction observed when prolonged exercise was completed prior to DPCP sensitisation (induction, 50%). This suggests that the primary immune response to antigens (APC and induction of T cell specific memory) is more susceptible to the perturbations induced by prolonged exercise than responses to recall (previously exposed) antigens, which may have relevance regarding the susceptibility of athletes to new/novel compared to nonnovel pathogens. A number of follow-up studies using the CHS model have since demonstrated that this is a controllable, reproducible, sensitive, and valid in vivo marker of exercise-induced immunodepression ([@bib380]; [@bib86]; [@bib162]). The study by [@bib380] also demonstrated no effect of the same exercise (2 h of treadmill running) on the skin's response to the irritant croton oil, which provided strong evidence that the observed decrease in in vivo immunity assessed by this CHS method of immune induction to DPCP is an antigen-specific, T-cell-mediated, response.

Simultaneously to the aforementioned assessment of cell-mediated immunity, [@bib55] also vaccinated all groups with previously encountered antigens that would stimulate B cell function. There were no differences between the prolonged exercise and control group in the ability of B cells to generate antibody responses to these recall antigens in the 14 days following vaccination. This may provide further supporting evidence to proposals that primary immune responses are more susceptible to the effects of exercise or it may suggest that perturbations are more pronounced in the immediate period following prolonged exercise (0--48 h, i.e., proposed open window). The response of circulating Igs to prolonged exercise has not been extensively researched with the studies that have investigated the predominant Igs in blood (A, G, M) reporting conflicted findings (decreases, increases, and no change) ([@bib244], [@bib274], [@bib362], [@bib32]). This may not be surprising given the small proportions of B cells (5%--15%) in the circulating lymphocyte pool and little redistribution of this subset following exercise. For the investigation of activated B cells and Ig responses to exercise, studies have focused primarily on other immune compartments which may have greater relevance to URTI (i.e., mucosa).

#### 15.4.3.2.2. Moderate Exercise {#s0095}

The role of moderate exercise on in vivo immune markers has received relatively little attention in the literature. The majority of relevant research has studied the response to vaccination. However, most of these studies were designed to assess the utility of exercise as a vaccine adjuvant (e.g., in individuals who are less responsive to vaccination such as the elderly or those with certain chronic diseases) rather than exploring the effects of exercise on in vivo immunity per se. Such studies can provide some insight into the benefits of exercise to immunity but the extent to which this can be translated to other populations requires much further study. Long-term physical activity in such populations (pre and post vaccination) has been shown to improve antibody responses and immunogenicity to influenza, pneumococcus and meningococus vaccination ([@bib172], [@bib173], [@bib167], [@bib375], [@bib134], [@bib373], [@bib14]), which support the beneficial effects of moderate exercise on in vivo immunity. However, there are a number of potential confounding factors (such as social interaction and support, psychological factors etc, from the exercise interventions) that may contribute to the benefit but are difficult to control in such studies.

The acute effects of various types of exercise has also been investigated in a number of studies ([@bib94], [@bib96], [@bib57], [@bib97], [@bib98], [@bib197], [@bib286]). Generally, these studies have been conducted with younger rather than older subjects and in most of these cases no benefits are observed. This could be because younger populations generally mount a strong (optimal) response to vaccination anyway, leaving little scope for benefit. As such, in this context, response to vaccination may not be the best model of in vivo immune response since it does not completely mimic a real infective challenge (i.e., as the virus is usually not live, or is attenuated). Nevertheless, more work is needed in this area and other in vivo markers are desirable.

15.5. Conclusions {#s0100}
=================

Athletes and individuals involved in heavy training programmes and/or prolonged bouts of exercise appear to have an increased risk of contracting URI. This is likely related to regular acute (and possibly chronic) periods of exercise-induced immunodepression (open windows). Regular moderate exercise, on the other hand, appears to have the opposite effect and reduces infection risk. Although in vitro and ex vivo measures and markers can contribute mechanistic information to the understanding of these relationships, they should not be considered as a substitute for clinically relevant/in vivo immune markers as most in vitro/ex vivo markers do not predict infection risk well. This highlights the importance of studying clinically relevant outcomes and the complex nature of the immune system. Hence, future research in this area requires more "clinically" relevant outcomes, and in vivo assessment of immune function.
